A simple diagram for arterial blood gas tensions was constructed from values obtained from normal volunteers at rest, during voluntary breath-holding and during maximal voluntary hyperventilation. Thus, an appropriate arterial oxygen tension (Pa02) was established for any physiologic level of alveolar ventilation, as reflected by the arterial carbon dioxide tension (PaC02). Blood gas tensions of 177 ambulatory patients with differing clinical types of pulmonary insufficiency were plotted against the diagram and the magnitude of the observed deviations from the normal range were compared to selected pulmonary function test results. The vast majority of test results exhibited lower oxygen tensions than predicted from the observed PaC02. This actual-predicted Pa02 difference was directly related to the severity of airways obstruction in chronic obstructive pulmonary disease and to the severity of restriction iq interstitial lung diseases. Patients in the early stages of lung disease had resting hypocarbia before the onset of hypoxemia or of significant pulmonary function test abnormality. The diagram provides a simple, rapid clinical method of diagnosing and estimating the severity of the blood gas disturbances which reflect V/Q mismatching at any physiologic level of alveolar ventilation. lthough the recognition of respiratory failure has A been simplified by the use of an arbitrary definition based on blood gas test abnormalities ( Pao2<50, Paco2 >50 mm Hg ), identification of the several stages of respiratory insufficiency before the onset of failure remains unclear. The problem may reside in the lack of a simplified approach to the understanding of this complex phenomenon. The For editorial comment, see page 652 perfection of such a method could be of practical ise, particularly for students and physicians who are not expert in respiratory physiology. Earlier diagnosis, quantitation of the degree of severity, and treatmknt of the underlying conditions are obviously desirable.
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It is clear that considerable blood gas tension derangement is present for varying time intervals prior -to the onset of respiratory-failure due to widely different causes.'-5 Typically, the arterial carbon dioxide tension (Paco*) is often decreased early in the course of illness, probably secondary to reflex hyper~entilation.~.' This alveolar hyperventilation may be of sufficient magnitude initially to maintain the arterial oxygen tension ( Pa02 ) within the normal range.8 Therefore, hypocarbia associated with a normal or marginal Paon may be the earliest laboratory manifestation of respiratory insufficiency. As the disease severity progresses, the work of breathing increases, incident to increasing -airway resistance in chronic obstructive pulmonary and to decreasing compliance and alveolar instability in the adult respiratory distress syndromee4 In either event, a progressively deteriorating blood gas pattern becomes evident. During this interval of widely varying duration, the Paon continues to fall as the initially low Paco* rises to a1 ure normal and finally beyond, and respiratory f 'I ensues. It is often difficult to define the point at which the results of an individual patient should fit in the above described blood gas pattern. Is have sug-gested in a previous report that the establishment of a normal range for blood gas tensions, one against which the relative contributions of alveolar ventilation and the ventilation-perfusion disturbances of the basic intrapulmonary disease process could be estimated, would be useful. The presently available tool which approximates this simplicity most closely is the Paon-Pacoo diagram of Rahn and Fenn.O Unfortunately, this diagram relates more to alveolar gases and total respiratory gaseous exchange than to arterial gases and, although adequate for laboratory use, it is cumbersome for nonphysiologists to use in the clinical setting.
In normal subjects breathing room air there is a great deal of inverse interrelationship between the Pa02 and Pacon at any physiologic level of alveolar ventilation. This is true whether analyzed at during voluntary hyperventilati~n,~*~~,~~ or during maximal breath-holding. 12 In the presence of significant lung disease, this relationship becomes altered. The present report attempts to quantitate this relationship and to provide a simpler basis for the interpretation of blood gas results.
Normal blood gas resting and hyperventilating control values were obtained from five nonsmoking men, average age of 21 years. Routine pulmonary function testing was performed by VA-Army methods.l"l4 Arterial POL, and Pcoz were measured by electrode in the Instrumentation Laboratories blood gas system model 113. AU testing was done in room air at sea level.
Resting blood gas samples were obtained by indwelling arterial needle or cannula from a brachial or radial artery under local anesthesia, after several minutes of stabilization in the supine position. The subject was then changed to a sitting position and coached into maximal hyperventilation. Beginning at the 20-second interval of hyperventilation, the second specimen was withdrawn, as the patient continued to hyperventilate. The effort of maximal voluntary hyperventilation was comparable to the performance of the maximal voluntary ventilation ( MVV) during the previous spirometric testing. Treadmill exercise values were obtained in the controls for comparative studies and results are depicted in Figure 1 .
Each blood sample was collected in a heparin-moistened 10 ml glass syringe, and blood gases were usually determined immediately. Blood samples which accidentally contained air bubbles were discarded.
Normal breath-holding blood gas values from subjects breathing ambient air were obtained from the data of Ferris and associates.12 When normal subjects held their breaths as long as possible, an average of 118 seconds, the mean Paw and Pacoz at the breaking point were as shown in Table 1 . These values were incorporated with the control values for the computation and construction of a Paw-Paco:! diagram.
Resting blood gas studies and pulmonary function tests were performed upon each of 177 ambulatory patients with various lung diseases. These included 99 patients with chronic obstructive pulmonary disease ( COPD), 29 patient? with diffuse granulomatous, infiltrative or fibrotic parenchymal lung disease (interstitial diseases), and 49 patients with other lung or intrathoracic disorders. The latter group included patients with diverse diagnoses such as postoperative lobectomy or pneumonectomy, kyphosmliosis, spondylitis, pleuritis, pneumonia, bronchiectasis, pulmonary embolism, and heart disease. Selected patients from each group also had blood gases studied after maximal voluntary hyperventilation. No illeffects from 20 seconds of hyperventilation were documented. No patients were subjected to breath-holding blood gas testing. Patient results were used to test the efficacy of the diagram. Standard statistical methods were utilized.' Regression calculations were done using a small preprogrammed c a l c~l a t o r .~
Normal Blood Gas Relationships
Normal blood gas values for resting, breathholding and hyperventilating are shown in Table 1 . The normal breath-holding data of Ferris and associates12 complemented the present data, and are incorporated into the calculation of a PaonPacm regression ( Fig 1 ) . The relationship between the two gas tension measurements at any level of ventilation was represented by a straight line, the regression equation of which was Pa02 = 154.4 -1.66 Pacoz Therefore, the arterial oxygen tension may be predicted for any observed Pacon within the range analyzed. At the bedside, this means that for any indi"idua1 patient with respiratory insufficiency, the Pa02 should change inversely from its normal mean by 1.66 mm Hg for each 1.0 mm Hg change of the Paco2 from itsnormal mean. For example, consider a patient with these sea-level values on room air: Pa02 = 80 mm Hg and Pacoz = 33 mm Hg. Some observers may consider these results essentially normal. In fact, they represent a significant reduction in oxygen tension for the amount of alveolar ventilation expended. Since the normal mean Pacoz is 38 mm Hg, the observed Pacon is decreased (38 Fig 6 ) , the Pa02 is therefore abnormal by 8 mm Hg.
The incidental inverse pH change per one mm Hg change of the Pam2 from its normal mean was found to be 0.0116 pH units.
Blood Cases in COPD
Blood gas results from 99 patients with COPD were plotted against the resting-hyperventilating portion of the Paoz-Pam2 slope. Arbitrarily placed lines numbered 1 to 6 were added at different angles to the regression slope in order to further subdivide patients for comparison of pulmonary function tests (Fig 2) . Individual values which approximated the numbered lines were grouped accordingly. Table 2 discloses the relationships of blood gas and selected pulmonary function test values in each of the six groups. Of particular interest are the differences between the actual and predicted Pa02 in each group. The most severe disturbance in the actual-predicted Paoz occurred in group 3, in which the observed mean Pa02 was 29 mm Hg less than predicted. Group 6, with the highest mean Pacoz had an appropriate Pa02 for the observed Pacoz, suggesting an effect which dupliPa01 mm Hg cates alveolar hypoventilation. Groups with the most horizontal axes had the most severe blood gas and pulmonary function test abnormalities. Results in Table 3 disclose that patient results farthest removed from the normal slope had similarly severe blood gas and function test derangements.
Hyperventilation data from selected patients in this category are seen in Figure 3 , which shows that Table 2 ).
CHEST, VOL. 63, NO. 5, MAY, 1973 patient results differed from normal values in both diseases of the lung were plotted against the normal slope and usually in magnitude of change from Paoz-Pacoz slope (Fig 4 ) . Almost all of the 29 resting. Values farthest removed from the normal resting test results in this group were scattered in a slope tended to maintain their relative position to broad triangular area generally comparable to group the results located nearer the slope after hyperven-3 in the COPD category. Subjects whose results lay tilating. However, all values tended toward normalmost distal from the normal slope had the lowest ization suggesting improved \ j /~ matching. Pa-FVC (Table 3 ) . Hyperventilation values for these tients with Pacoz values over 40 mm Hg at rest patients tended to parallel those of comparably had the lowest magnitude of both Pam and Pam2 severe COPD patients.
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changes while hyperventilating. Patients with restOther Lung Diseases ing Pacoz values below 40 mm Hg consistently
Results from 49 subjects in this nonspecific catedemonstrated the capacity to produce a greater gory ( various diagnoses given under Methods ) Paoz change per unit of Pacoz change than could were also plotted against the resting-hyperventilatnormal subjects during hyperventilation.
ing slope (Fig 5) , and, as in the interstitial disease
Blood Gases in Interstitial Diseases
category, the majority of results were distributed around line 3. Hyperventilating results tended to The results from 15 subjects with interstitial parallel those of the interstitial diseases category. Figure 1 . Group B = -4 SD. Group C = 6 SD and over. **FVC=forced vital capacity. Other abbreviation3 same as those used in Table 2 . 20 - 
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PUO~-PUCO~ Diagram
See legend for details of use.
Based upon the preceding data, the Pa@-Pam2 diagram (Fig 6 ) was constructed. Blood gas values D~s c u s s~o~ plotted on it can ilnmediateIy be classified as (1) This report reemphasizes the axiom that the normal; ( 2 ) respiratory insu5ciency with hypervenarterial oxygen and carbon dioxide tensions, like the tilation or hypoventilation, with or without V/Q alveolar, are inversely related. These normal reladisturbance; or (3) as respiratory failure due to tionships in arterial blood, at all levels of ventilaalveolar hypoventilation, V / Q disturbance, or both.
tion, were represented in this report by a straight The earliest or mildest blood gas abnormality seen was resting hypocarbia with a normal 0 2 tension. It often preceded temporally the onset of significant pulmonary function test disturbance. In the more severely disturbed lung function, the most characteristic blood gas pattern seen, however, regardless of disease category, was hypoxemia and hypocarbia. This finding of respiratory alkalosis is consistent with the observations of McFadden and Lyons1 in asthmatics, and with those of others who have re~orted on various acute3+' and chronic2 the Pa02 tended to decrease further.
ous lung diseases (see Methods for diagnoses). Legend other-
The Pacoz is commonly used as an expression of wise same as in Figure 2 .
alveolar ventilation at any given rate of metabolic line. From the regression of this slope, a simplified COz production since they are inversely proportionformula and a Paoz-Pam diagram were derived.
al. The Paon is also related to alveolar v e n t i l a t i~n .~, '~ These bedside tools are similar in concept to the A major cause of hypoxemia in chronic lung alveolar air equation and the Rahn-Fenn9 diagram, disease, by most classifications, is alveolar hypoven. but require only the results of an arterial blood tilation, and it is always associated with some sample for rapid, direct estimation of the severity of degree of arterial coz retention. West1= presents an blood gas abnormalities.
opposing view, asserting that the carbon dioxide This relationship between Pam and P a m was retention in chronic lung disease is caused by greatly altered in the majority of patients studied in ventilation-perfusion inequality, not by alveolar hyroom air at rest. Patient blood gas values were poventilation. Present results in COPD group 6 usually displaced laterally from the normal regrestended to support his contention since they apsion line. The amount of displacement from the line peared to represent a logical progression in the and the direction of displacement from the normal severity of blood gas abnormality from the succeedmeans were related to the degree of severity of ing groups. disease. This was reflected by comparison of the The most frequent cause of hypoxemia, not actual-predicted Pa02 differences to selected pulassociated with coz retention until preterrninally, monary function tests. In particular, the best relahas been referred to by Comroe6 as "regional," The over-all +/Q relationships within the lungs could not actually be measured in this study due to the sophisticated conventional necessary methods. The observed deviations of blood-gas tensions from the normal slope reflect the alveolar-arterial 0 2 gradient ( A-aD02 ) , and are almost certainly due primarily to */Q mismatching in its commonly accepted definition. In fact, no practical clinical methods. are available for use in determining the true ?/Q ratio. 15 The stethoscope may be useful in detecting uneven ventilation in some clinical situations. Fluoroscopy may be even more useful in experienced hands. Neither, however, gives reliable estimates of perfusion or, more importantly, the mismatching of $ 1~. Single breath 0 2 tests, helium equilibration and nitrogen washout tests are also useful, but are inadequate when considered in the context of this report.
Several other presently utilized laboratory methods attempt to simplify the solution of this problem: determination of the alveolar-arterial 0 2 gradient ( A-aD02 ) ,20 and determination of the inspired Pol-arterial Pop difference ( PIOz-Pam ) .
Both methods require the measurement of the Pa02 prior to calculating the result and both have features, previously mentioned, which bar simplicity. Radioactive scintiscans are expensive and complicated. The present method, by requiring only a single blood gas test result and minimal calculat?~?, provides a rapid, simple meaningful index of V / Q relationships for clinical use. Subsequent results may be plotted and compared to the baseline test for a definition of individual disease progression.
Since exercising and maximal hyperventilating values are incorporated into the diagram, tests utilizing those techniques may also be interpreted on the diagram. The diagram allows for an immediate decision on the presence and the magnitude of V/Q mismatching in subjects breathing room air. This feature is not dependent upon the underlying etiology or on the existing level of resting alveolar ventilation.
The diagram is, in fact, a pictorial representation of the alveolar air equation, as applied to arterial blood, and is thus similar in concept to the diagram of Rahn and Fenn.9 Its advantage is simplicity and utility. It does not require the user to assume or calculate a repiratory quotient, barometric pressure or alveolar or inspired O2 tension. The simplified formula is intended for use in the rapid estimation of the severity and basic type of respiratory insufficiency at any stage before the onset of failure. The diagram is meaningful to students and housestaff, and because of its clear definition of the major classes of hypoxemia, its use may suggest the earlier need for therapy. 
